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INTRODUCTION
A rice planthopper, Nilaparvata lugens Stål, is one of the important rice pests in Asian countries. Post-treatment resurgence of the pest after application of chemical insecticides has been reported in Southeast Asia and China. Insecticide-induced pest outbreaks have been attributed mainly to destruction of natural enemies by chemicals. Controlled studies which excluded the natural enemies of hoppers indicated that the reproductive rate of hoppers increased when they were confined to rice plants treated with sublethal doses of insecticides . Resurgence of insect pests after pesticide applications is a well-documented phenomenon. One of the important factors causing the resurgence of insect pests is the stimulation of reproduction and survival by sublethal doses of insecticides; for example, jingganmycin (an antibiotic compound) and bisultap (a nereistoxin insecticide) increased the survival rate of N. lugens nymphs (Wu et al., 2001a) . Jingganmycin at 75 g a.i.ha Ϫ1 significantly increased the brown planthopper (BPH) population (Wu et al., 2001a, b) . Insecticides with low lethality to natural enemies may cause outbreaks of insect pests.
Resurgence of BPH occurred during 2007-2008 because of resistance of the insect pest to fipronil and overuse of insecticides. Fipronil is the first member of the phenylpyrazole insecticides class (Li et al., 2007) . Since 1997, fipronil has been generally used to control the rice planthopper in China and it was found that fipronil is efficient for controlling N. lugens. In 2002, resistance to fipronil was first found in a field population from Zhejiang province of China, and subsequently, the resistance level had increased to nearly 20-fold by 2007 (Cheng et al., 2008) . Therefore, it is very important to evaluate the risk of resistance developing in BPH and to perform a resistance management program.
It is urgent to establish the causes of resurgence. The following studies were undertaken to investigate the stimulatory effects on BPH reproduction and feeding by fipronil. Honeydew weights were measured to quantify the amount of feeding by hoppers. We also tried to evaluate the fipronil resistance risk on BPH by resistance selection and fitness analysis.
MATERIALS AND METHODS
Insects and insecticide. The susceptible strain of BPH has been maintained for 6 years in the laboratory of Zhaoqing Academy of Agricultural Science and the State Key Laboratory for Biocontrol without any exposure to insecticides. Fipronil (87%) was purchased from Bayer CropScience Hangzhou Company (Hangzhou, China). Fipronil was diluted to generate 25 mg/l dilution with distilled water containing 0.05% Triton X-100 (to facilitate uniform treatment with the active ingredient).
Resistance selection. Resistance was selected by the following method for 8 generations. Seedlings in soilless cultured were placed in the selection cage (30 cmϫ30 cmϫ45 cm), and then 100-200 3rd instar larvae were placed in the cage. Three hours later, 25 mg/l fipronil was sprayed on seedlings with BPH using a Houtou model sprayer (purchased from Medical Company, Shanghai, China). The cage was placed in an observation room, at 25Ϯ1°C, 16L8D. More than 2,000 larvae were treated for each generation.
Bioassay. Macropterous adult female BPH, including a susceptible strain and resistant strain, were used. The average body weight of BPH females was 1.9 mg. After anesthetization with carbon dioxide, a 0.2 ml droplet of insecticide dissolved in acetone was applied to the dorsal side of the thorax with a microapplicator fitted with a 50 ml syringe. Thirty insects (per dose) were used to determine LD 50 Effect of fipronil on fecundity of BPH. Firstly, thirty-day-old rice seedlings were transplanted into plastic pots (16 cm diameterϫ30 cm high) on 20 August 2008, with one hill in each pot. Secondly, BPH treatment was as follows: After anesthetization with carbon dioxide, a 0.2 ml droplet of fipronil dissolved in acetone was applied to the dorsal side of the thorax with a microapplicator fitted with a 50 ml syringe. The application concentrations (mg/l) of fipronil were: 12.5, 25, 37.5, 50, 62.5, respectively; therefore, the quantities of fipronil applied to one BPH were: 2.50ϫ10
Ϫ2 mg, respectively. After treatment, one female and one male were released into each pot for mating on 26 August. After they had died, egg masses in the rice plant were counted. The numbers of hatched nymphs of the next generation in each pot were recorded. The numbers of unhatched eggs were also counted. Total eggs were calculated (total eggsϭnumber of hatched nymphsϩnumber of unhatched eggs).
Life table study. The life table was constructed according to the method of Liu and Han (2006) .
One hundred neonates were collected randomly from the susceptible strain and the offspring of the survivors from two selected generations (G5 and G8) as founders of the experimental population and reared for a generation at 27Ϯ1°C and 16L8D. When they had developed into 3rd and 5th instars, the hoppers were transferred to fresh rearing cages and assessed for the survival rate from neonate to 3rd instar (Su1) and from 3rd to 5th instar (Su2). The emerged males and females were thereafter collected every day and coupled into families (one female plus one male, about ten families for each replication, about 30 for each strain), which were reared separately in glass tubes. At the same time, the emergence rate (Er) and female ratio (Fr) were recorded. When neonates of the new generation appeared, the families were checked every 2 days and the neonates were counted and removed until the female died. The food rice shoots were then checked thoroughly and the numbers of unhatched eggs were counted. Females which had not produced any neonates were considered to have failed in copulation, and the copulation rate (Cr) was accounted accordingly. Fecundity (Fy) was recorded as the average number of eggs produced by copulated females, and the hatchability (Hy) was recorded as (all neonates)/(all neonates plus all unhatched eggs). The experiments were carried out with six replications. The population growth index (I) was calculated by the following equation:
Relative fitness (RF) was calculated by the following equation:
RFϭI r /I s Where N o is the number of individuals in the initial population, N t is the number of individuals in the population of the next generation. I r is the increase trend index of the resistant population and I s is the increase trend index of the susceptible population.
Honeydew excretion. BPH were treated with fipronil to investigate the impact of fipronil on BPH feeding. BPH treatment was as follows: After anesthetization with carbon dioxide, a 0.2 ml droplet of fipronil dissolved in acetone was applied to the dorsal side of the thorax with a microapplicator fitted with a 50 ml syringe. The application concentrations of fipronil were: 12.5 mg/l, 25 mg/l, 37.5 mg/l, 50 mg/l, 62.5 mg/l, respectively; therefore, the quantities of fipronil applied to the BPH were: 2.50ϫ10 Ϫ3 mg, 5.00ϫ10 Ϫ3 mg, 7.50ϫ10 Ϫ3 mg, 1.00ϫ10 Ϫ2 mg, 1.25ϫ10 Ϫ2 mg. Previous studies (Sogawa and Pathak, 1970 ) indicated a positive relationship between ingestion and honeydew excretion by BPH so in our experiments the quantity of honeydew excretion was used as an indicator of the feeding rate of the hopper. A Parafilm sachet was hung on a rice stem about 5 cm above the water surface. A treated 3rd instar BPH nymph was placed into each sachet, with an empty sachet as a control. There were four replications for each treatment. Honeydew was measured 7 d, 15 d and 30 d after pesticide treatment. The planthoppers were starved for 2 h before release. After 24-h feeding, the sachet was opened and BPH was removed. Filter paper was used to absorb the honeydew on the Parafilm and stem, and was weighed using a Mettler-Toledo electronic balance (1/10,000 g sensitivity) before and after absorption, respectively. Honeydew excretion per insect (H) was calculated as follows:
where W t1 and W t0 are the weights of the filter paper after and before absorption during treatment, respectively, and W c1 and W c0 are the weights of the filter paper after and before absorption in the control, respectively.
Statistical analyses. All data were analyzed by SPSS software, and the means were compared using the test of least significant differences (LSD). Student's t-test was used to determine the significance of differences between fipronil treatments and the control.
RESULTS

Fipronil resistance selection
BPH of the susceptible population were collected from the laboratory of the State Key Laboratory for Biocontrol and continuously selected with fipronil for 8 generations in the laboratory. The change in the resistance ratio (RR) for fipronil during selection is shown in Fig. 1 and showed that selection with fipronil led to a continuous increase in the resistance ratio (from 1.0 to 30.05) in eight generations.
Stimulation with fipronil on fecundity of BPH
The study showed that applications of fipronil (1.25ϫ10 Ϫ2 mg) and fipronil (7.50ϫ10 Ϫ3 mg) significantly stimulated the fecundity of N. lugens compared with the control (untreated) (Table 1), in- creasing egg numbers by 132.51% and 111.11%, respectively. There was also a stimulating effect on 2.50ϫ10 Ϫ3 mg, 5.00ϫ10 Ϫ3 mg, and 1.00ϫ10 Ϫ2 mg fipronil. The stimulating effect of fipronil on fecundity was dose-dependent, as shown in Table 1 .
Effects of BPH treated with fipronil on honeydew amount of BPH
Seven days after pesticide treatment, honeydew excretion by 3rd instar nymphs had not been influenced by pesticide application (Table 2) ; however, 15 days after treatment, the effect of fipronil on the quantity of honeydew was dose-dependent, as shown in Table 2 . The quantity of honeydew significantly increased (pϽ0.05) with 1.25ϫ10
Ϫ2 mg fipronil treatment and honeydew quantity increased by 227.9%, compared with the control. Thirty days after treatment, the quantity of honeydew had increased by 272.8% in 1.25ϫ10
Ϫ2 mg fipronil treatment, compared with the control.
Influence of fipronil resistance on the fitness of BPH
The effects of the pesticide on the fitness of BPH were evaluated in terms of developmental and reproductive characteristics by constructing and comparing life tables. The results in Table 3 revealed that the fipronil treatment group had developmental disadvantages, including a lower larval survival rate from 3rd to 5th instar and a lower adult emergence rate (in G8 generation), as well as reproductive disadvantages such as a lower copulation rate in G8 generation and lower fecundity in G5 generation. The fitness of the fipronil treatment groups (G5 and G8) was determined by comparing the population number tendency index (I) with the control as standard. The relative fitness value for the fipronil treatment (G5) was calculated as 0.577 and fipronil treatment (G8) was 0.750. It can therefore be concluded that fipronil resistance results in lower fitness costs.
DISCUSSION
Insecticide-stimulated pest reproduction is an important ecological mechanism of pest resurgence. Some insecticides, including deltamethrin, methyl parathion, and fenvalerate, stimulate the reproductive capacity of BPH. It was suggested that triazophos increased the productivity of macropterous and brachypterous BPH significantly (Zhuang et al., 1999) . When triazophos was applied to control rice stem borers and paddy borers, the oviposition of BPH was promoted in local areas and immigrated areas. It was reported that imidacloprid 546 S. LING et al. MeanϮSE is the mean of four replicates and standard error. Student's t-test: * and ** indicate significant differences between the treatment and control at pϽ0.05 and pϽ0.01, respectively. (Wang et al., 2005) . Fecundity in Tetranychus urticae was also increased by systemic exposure to imidacloprid by watering a young dwarf bean plant besides direct exposure (James and Price, 2002) . In our experiment, fipronil (2.50ϫ 10 Ϫ3 mg, 5.00ϫ10 Ϫ3 mg, 7.50ϫ10 Ϫ3 mg, 1.00ϫ10 Ϫ2 mg, 1.25ϫ10 Ϫ2 mg) increased the reproductive rate of BPH and might eventually lead to the resurgence of this pest following treatment.
The feeding rate is an important factor for resurgence and honeydew excretion is widely used as a measurement of feeding activity (Begum and Wilkins, 1998; Elsa et al., 2003) . Fipronil increases not only the fecundity of BPH, but also the quantity of honeydew, an indicator of ingestion, of BPH. In our experiment, for example, 15 and 30 days after treatment, the quantity of honeydew significantly had increased with 1.25ϫ10 Ϫ2 mg fipronil treatment. Fifteen days after treatment, the effect of fipronil on the quantity of honeydew was dose-dependent. The quantity of honeydew excreted was the highest in 1.25ϫ10
Ϫ2 mg fipronil-treated hoppers; therefore, we inferred that fipronil might act as a feeding stimulus to hoppers and increased feeding of BPH might be a factor for resurgence.
Resistance of BPH to fipronil is an important factor contributing to resurgence. In 2003, fipronil resistance to BPH in a field population was very low (Cheng et al., 2008) ; however, since then, high fipronil resistance has been reported in a range of other insect species, including field populations of diamondback moth (Sayyed and Wright, 2004) , Chilo suppressalis Walker (Li et al., 2007) , and the cotton bollworm (Cheng et al., 2008) . Resistance selection in our laboratory showed that BPH can develop medium resistance to fipronil, with the potential to develop high resistance. Interestingly, in our experiment, resistance of BPH to fipronil was accompanied with fitness costs, such as a decreased survival rate from 3rd to 5th instar in G8 generation and decreased fecundity in G5 generation relative to susceptible insects. Fipronil resistance loaded BPH with lower fitness costs, which could promote the slow development of resistance in field populations. On the other hand, the fecundity of the resistant strain of BPH in G8 generation was higher than that of the susceptible strain of BPH in the control group (Table 3) . Females with fully developed ovaries and high fecundity contributed to the greatest tendency to migrate (Zhang et al., 2002) . Migration with lower fitness costs results in resurgence in other areas, which might be another mechanism of insecticide-induced resurgence. Studies of fipronil resistance, its fitness cost, and cross-resistance will therefore help to assess the resistance risk and to design resistance management to delay resistance development in the field.
In summary, fipronil increases the fecundity and quantity of honeydew, an indicator of ingestion, of BPH. We also found that the fitness cost of fipronil-resistant BPH was low. Therefore, we conclude that the properties of this insecticide cause insect resurgence after its application. 
